Abstract-AC electrical properties of positive temperature coefficient of resistance (PTCR) ceramics of composition Ba0.347Pb0 s s~~o . 0 0 3~a 0 . 0 0 6~i o .~~s~3 with Curie point Tc M 380°C were studied. A combined imaginary impedancdmodulus plot was adopted to identify the appropriate equivalent circuit. Analysis of such circuit modified with a frequency dependent capacitor C n gives satisfactory interpretation of the commonly observed inclined semicircle in the complex impedance plane. The exponent n, which is extracted from the depression angle and suggested to be associated with the "loss" degree of the material, shows a temperature dependence similar to that of a useful parameter extracted from the ac conductivity-frequency measurements. Both are ascribed to the conduction characteristics of the grain boundary, whose resistivity anomaly is the main contribution to PTCR jump. The validity of the present methodology is assessed not only by fitting well the observed non-ideality of real ac response, but also by confirming the Curie-Weiss behavior of the calculated grain boundary capacitance, which is the essence of well-accepted barrier theory (Heywang-Jonker model) proposed to explain the PTCR effect.
I. INTRODUCTION
HE electrical resistance of n-doped polycrystalline bar-T ium titanate ceramics increases several orders of magnitude near the ferroelectric transition temperature T,, known as the positive temperature coefficient of resistance (PTCR) effect [I]. PTCR materials with higher onset temperatures, achieved by compositional modification of Pb2+ for Ba2+, can find applications in heating elements. However, the difficulty of manufacture increases due to the loss of Pb during the sintering process and the poor sinterability of (Ba,Pb)Ti03 powder compacts, especially for those using commercial BaTi03 powder as a raw material. Until now the investigations of PTCR behavior were rarely conducted on samples with T, up to It is believed that the PTCR phenomenon is a grain boundary resistive effect [5] - [7] . Based on the presence of surface acceptor states at the grain boundary, and treatment of the potential in the depletion region as a Schottky type, Heywang's barrier model is the most widely accepted to explain the electrical structure of the grain boundary tion effect below T, to explain the simultaneous low resistance and low permittivity before the anomalous jump [7] . From the previous works that confirmed the validity of HeywangJonker model for the interpretation of PTCR phenomenon, we perceive the variation of the depletion width near the grain boundary as a function of temperature [SI, [9] . With the approximately constant value within T, -T, , , as a reference, the depletion width is decreased below T,, as well as above T, , , , where T, , is the temperature corresponding to the maximum in resistivity. The former is caused by the compensation of acceptor charges by the ferroelectric polarization, while the latter is due to depopulation of occupied states at higher temperatures [91.
In addition to direct examination of grain and/or grain boundary [ 101, complex impedance or admittance method of characterizing the electrical properties of polycrystalline materials is commonly adopted to separate and identify the interhntra granular impedances 151, [ 1 11-[ 131. Typically, results from impedance spectroscopy measurements are analyzed via Nyquist plots, in which the imaginary part is plotted against the real part. The resulting curve is parameterized by the applied frequency, with low frequencies at a high real-axis intercept and high frequencies at a low one. Depending on the distinctive orders of magnitude for the relaxation time, which is defined as the time constant RC in the equivalent circuit to be an indication of the transport process [ 1 I]-[ 141, a series array of parallel RC elements may give rise to independent or overlapping semicircular arcs in the two complex planes. Complex impedance measurements are of great interest because they allow separation of the contributions of the grains and grain boundaries to the total impedance. Maiti and Basu applied this concept for the first time to analyze the BaTi03-based PTC thermistor [ 1 11. They investigated the effect of electrode materials on the real axis intercepts of the low frequency arcs at room temperature and concluded that the interface resistance of In-Ga electrode was negligible, while the high frequency arcs were used to determine the interhntra resistances. Tseng and Wang then conducted a series of complex impedance plots under different temperatures and verified that the PTC resistivity jump was a grain boundary phenomenon [5] - [7] .
The shape of real Nyquist plot is usually analyzed using equivalent circuit analysis, where a collection of resistors and capacitors arranged in various combinations of series and parallel circuits are used to duplicate the experimental spectrum. The combination of parallel RC components in a series can easily reveal, along the conduction path, different types of 0162-8828/94$04.00 0 1994 IEEE structures, e.g., insulating grain boundary layers and semiconducting grains. Theoretically speaking, one may construct the "exact" equivalent circuit, based on reasonable physical justifications, with each element corresponding to any specific conduction mechanism, although this qualitative description often lacks experimental evidence in view of the comparison between the real and the ideal (theoretical) electrical response. Obviously, there exists two significant drawbacks to equivalent circuit analysis: (1) different equivalent circuits can produce the same electrical response, making the microstructure/circuit element relationships difficult to establish, and (2) once the equivalent circuit becomes more complicated than simple combinations of two or three elements, intuitive understanding of the material's response may be lost. Actually, the real ac electrical response always indicates some deviations from the theoretical predictions. Specifically, by analogy with the wellknown Cole-Cole construction in the complex permittivity plane [ 151, the complex impedance loci of the experimental data are approximated by an inclined semicircle [16] . Some modified empirical expressions have been proposed to describe the appearance of departure, in varying degrees, from the Debye response. And the qualitative "interpretation" in terms of the so-called distributions of relaxation times has always been employed by using the depression angle to provide a "measure" of the breadth of this distribution [17] . Nevertheless, any physical significance of these tilting operations has yet to be established [15] .
Alternatively, Jonscher pointed out the phenomena of "nonDebye" response of solid dielectrics, and Yeh and Tseng proved it quantitatively useful by introducing this universal frequency-dependent capacitance concept [ 181- [20] . In this study, we try to develop as simple a methodology as possible for the analysis of the "depressed" circular arcs in impedance diagrams, which are exhibited by most PTCR samples, while still incorporating the important features of the conduction process so that the results would be meaningful. With the use of a simple circuit modified by a frequency-dependent capacitor to model the PTCR ceramics, a procedure to extract those component values is established, and useful physical information can be obtained from the temperature dependence of the individual circuit parameters. Interpretation of ac electrical data is then given intuitively in terms of the parameters calculated.
THEORY

A. Parameter Relation
The electrical parameters used to characterize the ac response of the sample are impedance Z*, admittance Y * , and modulus M*. They have the following transformation relationship:
M* = jwcoz* (2) where R, X , G , B are symbols of resistance, reactance, conductance and susceptance, respectively, and all are presented in units of R or S. CO is obtained from multiplying the free space 
B. Equivalent Circuit Determination
To extract information from experimental ac data, an equivalent circuit is needed to provide a realistic representation of the electrical properties. From ac circuit theory, one should note that it is usually possible to find more than one equivalent circuit that fits a given data set. A combined plot of the impedance/modulus spectroscopic analysis was found to be invaluable as a first step to identify the appropriate circuit [21] , [22]. In the light of performance for a single parallel RC element, which is commonly used to represent one kind of structure or interface in the sample, it can be shown that the peak is proportional to 1/C and R for M" and X plots, respectively, and both occur at frequency w, , = l/RC. Peaks for a series circuit are expected to be distinct only if the time constants RC differ by at least two orders of magnitude. Log o (rad/sec) response of the present sample. Several points should be clarified before we proceed. First, an impedance element representing the ceramic-electrode interface has been ignored in cases where the contact resistance is small, as with the present IdGa electrode, although apparently the contact capacitance (considerably large compared with grain boundary capacitance c g b and grain capacitance (7, ) causes an additional low frequency effect in X at T < T,. However, we simplify the methodology by ignoring this contribution from electrode effect. This assumption is justifiable by the observation that the electrode effect is manifested only at low frequencies, resulting in the situation that the contact capacitance cannot be extracted quantitatively from the experimentally-observed single circular arc, which is ascribed to the contribution from grain boundary.
Secondly, for the reason that Rgb >> R, (the grain boundary resistance is much higher than that of grain for PTCR sample) and cgb >> C, (due to the larger grain size compared to the depletion width and the semiconductor character of the grain), the peak in M" and X plot is ascribed to the grain boundary's contribution. The peak associated with grain is outside the measuring frequency range. Thirdly, the slight overlap of RgbCgb and RgC, accounts for the noncoincidence of the observed M" and X peaks on frequency scale (MI' slightly higher due to high 1/15', value). The overlapping RC elements exert less uncertainty in interpretation of X plots due to the large difference between R, and Rgb, thus the correctness of calculated grain boundary capacitance data from X is raised. Finally, one can infer that c g b is decreasing above T, from M" plot, assuming the contribution from l/C, as a constant background. We will discuss this behavior thoroughly as well as the comments on X plot later.
With the finite grain resistance Rg taken into consideration, a simple circuit shown in Fig. 3 is adopted as the electrical equivalent representation for the present sample. If the true behavior of a more complicated circuit is to be properly recognized, a very wide testing frequency range is needed. 
C. Parameter Extraction
Our main objective in this study is to investigate the distorted shape of the complex plot and to gain an understanding of the physical phenomena occurring in the material. By using the simple circuit in Fig. 3 as a framework, a frequency independent capacitor is modified to achieve this goal. The dispersive frequency-dependent capacitance, which Jonscher terms as "non-Debye" (or "universal") capacitance, is given by [I81
in which the exponent n defines the frequency dependence and C is a constant. A parallel combination of this capacitance and a frequency-independent resistance will give an inclined circular arc in the complex impedance plane [ 131. Using the circuit model as shown in Fig. 3 and letting the grain boundary capacitance be Cgb(jLd)n-l, then the full expression of the impedance can be written as follows:
To demonstrate the effect of n on the shape of the circular arc in logarithmic coordinates, which are necessitated by the orders of magnitude exhibited in the resistivity anomaly of PTCR ceramics, Fig. 4 gives the schematic presentation with different values of n as indicated, while the inset shows the linear scale presentation for comparison. A straight line of slope, 1/2 with the left part becoming a vertical line at appropriate abscissa in the log-log scales represents the part of semicircle (n = 1) in linear plot next to the origin. The dotted line R = X represents a reference-above it (n > 1/2) the loss component is less than the capacitive component, while the reverse (n < 1/2) is true below this line. One should note that the nearly constant R may not be observed experimentally due to limited frequency range of the measuring apparatus, as with the present case. Another reason is in the non-ideal character of the sample, i.e., n # 1.
It is obvious that a larger depression angle 0 will reflect a smaller n, corresponding to the nature of a more lossy material.
Let 4 = (7r/2)n and after some manipulations with Rgb >> R, assumed, one can easily derive from (4) that the peak position
IRlb and occurs at frequency: 
III. EXPERIMENTAL
A. Sample Preparation
The raw materials in preparing the specimen were commercially available powders of BaTiO3, PbO, LazO3, Ti02 and CaCO3. Powders with formulation of Bao.347Pbo.s5Lao.o03-Cao.oosTio.99503 were mixed and ball-milled with deionized water in a plastic jar for 24 h. Then the milled slurry was dried by an IR lamp to evaporate the water, and calcined at 950" C for 90 min in an Alz03 crucible. The obtained semiconducting powder was pressed into disks with nominal dimensions of 1 cm in diameter by 0.2 cm thick under a pressure of 900 psi. The pellet weight was about 0.6 g. These respective compacts, covered by the same sample powders with a weight ratio of approximately 3:2 to the pellets were then stacked inside a crucible with lids tightly fitted and fired at 1200" C for 30 min. Heating and cooling rates were kept at 25"C/min and 600"C/h, respectively. The average weight loss of the sample after sintering did not exceed 1 wt%. Fig. 6 is a scanning electron micrograph of fracture surfaces for the present sample. The average grain size determined by the linear intercept methods and the fired bulk density obtained by Archimedes' techniques, are 2.4 p m and 6.6 g/cm3, respectively. The specimen containing lead content Scanning electron micrograph of fracture surface of samples in the 65 at% used in this study is really representative of high-T, PTCR ceramics [5] . Therefore, the ac electrical response, and, hereafter, the developed methodology and conclusion, allow one to scan the properties of semiconducting (Ba,Pb)TiO3 ceramics.
B. Electrical Measurement
The electrical properties were measured by using a twoprobe method from 5OoC to 600" C in air by HP4140B (PA meter/dc voltage source) and HP4192A (LF impedance analyzer) at zero bias with ac signals amplitude of 1 V. Data were taken at frequencies ranging from 13 MHz to 5 Hz, and corrected for lead inductance and stray residuals. Rubbed
1) R,:
The resistance of grains R, increases slightly with temperatures, which may be the consequence of the declining mobility LogR (a> with In-Ga alloy (40:60) to ensure the ohmic contact at the ceramic-metal interface, the electrode surfaces of the pellet were also covered with thin steel sheets pressed on to prevent the electrode material from vaporizing during heating. Heated at a rate of 3"C/min in a programmable furnace, samples were held at the desired temperature for enough time to equilibrate with the temperature readings before each testing was made.
Data obtained in this way are reversible after experiencing such thermal cycles.
Iv. RESULTS AND DISCUSSION
Based on the concept and procedure described in the Theory section to extract various parameters, the resultant diagram containing the measured (symbols) and the calculated (dotted lines) impedance plot is shown in Fig. 7 , at particular choice of temperatures below and above the Curie point T, "N 380°C. The relevant parametric values are listed in Table I .
Obviously, the non-Debye behavior at all temperatures can be well simulated just by adjusting the circuit model in Fig. 3 with the operation of a "non-Debye" capacitance substitution. Also, from Table I, the following conclusions with regard to the PTCR characteristics can be drawn: for charge carriers [23] .
2) Rgb:
The resistivity anomaly displayed by Rgb implies that the FTCR effect is a grain boundary phenomenon even below the Curie point [5J, [7] , [9].
3) wp:
The frequency where the peak occurs ( w p ) is inverse proportional to Rgb. With reference to (5), and neglecting the effects of n and c g b for the moment, the variations of wp observed are understandable. With this dependence of wp and X,, on Rgb, the reason for the transition of curve shape in Fig.  2 is evident by considering Rgb's variation with temperature.
The three distinctive segments on the resistivity-temperature curve, which are divided by Tmin and T , , as NTC1-FTC-NTC2 (see Fig. 11 also) , are denoted by the arrows in Fig. 2 for clarity and intended to be an indication of the Rgb'S changes. T& and Tm,, are temperatures corresponding to the minimum and maximum in resistivity, 370°C and 44OoC, respectively. 4) n:
In contrast with wp, n is proportional to R,b as a function of temperature. Jonscher showed that the exponent n is related to the extent of the screening effect caused by the hopping charges or dipoles when they cannot follow the changes of polarization brought about by an altemating electric field [18] . This is consistent with the interpretation of a smaller n for a lossy material, corresponding to a small Rgb. Accordingly, one may infer that the loss factor D(= G/IBI) in the low resistance state below T, is higher than that above T,. The relation of loss factor vs temperature measured at IO kHz clarifies this point, as shown in Fig. 8 . The seemingly "complementary" behavior against temperature between D and Rgb can thus be interpreted well in terms of the parameter n's physical significance. This point of view is supported by the G vs w measurement, as will be discussed later.
5 ) c g b : c g b is proportional to ~, / b , where E, is the dielectric constant and b the width in the depletion region in one grain. In view of the temperature dependent constants E, and b, three distinctive characteristics revealed by data can be explained without difficulty, including: (i) the larger c g b below T, than above T,; (ii) the rising cgb below T,; (iii) the decreasing c g b above T,.
The features dominated by E, account for (ii) and (iii), i.e., an approximately symmetric E, -T curve with a peak at T, (increasing below T, and decreasing above T, as temperature increases). Specifically, above T,, the Curie-Weiss law states that l /~, increases with temperature for ferroelectric materials. Temperature ("Cl Temperature ("C) . Due to 1/cgb a l/cr, the linearity of l/cgb versus T as shown can be thought of as a direct proof of the Curie-Weiss law. Here we should note that the noncoincidence of Curie point T, and Curie temperature TO: the former is the actual temperature of inversion of the structure while the latter is a formula constant obtained by extrapolation. They generally do not coincide [24] .
At higher temperatures above Tmax, the gradual depopulation of the surface traps reflects itself a smaller b, and the resulting discrepancy occurs. The quantitative interpretation of this phenomena has been given in a previous paper [9] . With regard to (i), the reduced trap density caused by polarization compensation below T, is responsible. As briefly stated in the Introduction, the depletion region near the grain boundary is narrowed because the acceptor states are partly Log w (rad/sec> It is sometimes useful to analyze ac data using the admittance formalism either as the complex plane or as spectroscopic plots. The variation with frequency of conductance G at different temperatures is plotted in Fig. 10 , where all curves seem to obey the power-law frequency dependence given by
This implies [14] that the hopping mechanism for carrier conduction, known as polaron [23] , can also occur in the BaTi03-based F'TCR. The conductance plateau Go(T) at low frequency, which is believed to be due to the dc conduction of the material, displays the orders of magnitude of R$. A high frequency plateau corresponding to Rg is not observable within the accessible frequency range, as can be seen from the still decreasing R in Fig. 7 . High frequency dispersion in G commences approximately near wp, and its temperature dependence is expected to be inverse proportional to Rgb's. Fig.  11 demonstrates the characteristics of 1/G versus temperature construction, in which we want to elucidate the more strongly frequency-dependent nature of a high resistance state (a lower up). Note that 1/G is manipulated by A / t to get the equivalent parallel resistivity &/G, and the dc measured resistivity is also shown. As expected for the p 1 1~ variation against temperature, the frequency effect is more obvious at higher resistance by considering the G's frequency dependence.
The values shown in Table I have been calculated with emphasis on the temperature dependence of the exponent m, which is determined from the monotonously rising region of the G-w curve. Bai and Tseng have interpreted m to be an indication of the probability of a carrier trapped in the localized states [14] . For PTCR sample, consistent results support this interpretation that the state with lower Go, and therefore with higher Rgb, will produce a higher value for m. This is in
G(w) = Go(T) + ~( T ) W " (~) .
-l accordance with the implication of a larger n for a more insulated grain boundary, as investigated previously for the larger Rgb.
V. CONCLUSIONS
The ac electrical response for (Ba,Pb)Ti03 PTCR ceramics can be explained satisfactorily based on an equivalent circuit with a frequency dependent capacitor substitution. The physical significance of parameter n, which exhibits itself in the depression angle of the conventionally observed depressed circular arcs, is interpreted in terms of the insulating properties of material involved. By examining loss tangent (D in Fig.   8 ) and conductivity behavior (m in Fig. lo) , agreement of the information thus obtained with that of n justifies the proposed physical meaning of this calculated parameter, which is usually ignored when constructing a complex plane for PTCR ceramics. From the comments on n in this study, one can conclude that a higher resistance state above T, will give a more ideal semicircular than that below T,. And the results also show that only grain boundary contributes to the PTCR effect. The validity of Curie-Weiss law is proven with the help of the calculated grain boundary capacitance, which in turn proves the correctness of the present analysis.
